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a b s t r a c t

The multi-element doped �-nickel hydroxides have been prepared by supersonic co-precipitation
method. Three kinds of samples A, B, C were prepared by chemically coprecipitating Ni, Al, Co, Y, Zn.
It was found that sample C produced better performance than the others. The cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) measurements indicated that sample C has better
eywords:
upersonic co-precipitation
ulti-element doped �-nickel hydroxides

eaction reversibility
roton diffusion coefficient

electrochemical performance, such as better reaction reversibility, higher proton diffusion coefficient
and lower charge-transfer resistance, than those of samples A and B. The charge–discharge tests showed
that the discharge capacity (346 mA h/g) of sample C is even larger at 0.5 C rate than that (337mAh/g)
at 0.1 C rate, while the discharge capacity at 0.5 C rate is much lower than that at 0.1 C rate for samples
A and B. It indicates that all doped elements can produce the synergic effect and further improve the
electrochemical properties of the active materials.
. Introduction

As the positive material for Ni-MH batteries, nickel hydroxide
as two phases known as �-Ni(OH)2 and �-Ni(OH)2. It is generally
elieved that �-Ni(OH)2 shows superior electrochemical proper-
ies to �-Ni(OH)2 with a much higher discharge capacity and no

echanical swelling deformation [1]. However, the �-Ni(OH)2 is
nstable in strong alkaline media and easily converted into �-
i(OH)2. To improve the stability of �-Ni(OH)2, partial substitution
f nickel ions by other metal ions, such as Al [2–4], Co [5], Fe [6], Zn
7], is commonly used method. Although a stable � phase structure
nd the high discharge potential can be obtained for single-metal
oped �-Ni(OH)2, the performance of Ni-MH batteries can be par-
ially worse, such an capacity fading, high internal resistance and
hort cycle life at high charge–discharge rates [8]. Besides, the oxy-
en evolution becomes easier and the difference between oxygen
volution potential and oxidation potential becomes smaller after
dding single metal ion. These are unfavourable to improve the
lectrochemical activity of batteries.

When the nickel hydroxide was doped by one kind of metal
rons, the discharge capacity is generally decreased with the
ncrease of scan rate or charge–discharge current. Liu and Ander-

on [9] pointed out that this phenomenon was caused by the
ndeveloped diffuse-layer of active materials in porous electrodes,
ecause the discharge capacity of batteries is dominated by both
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the diffusive resistance and the proton diffusion in host materials.
Watannabe and Kikuoka [10] reported that nickel hydroxide with
a smaller crystalline size showed better charge–discharge cyclic
characteristic and a higher proton diffusion coefficient. Moreover,
many groups have investigated the relationship between struc-
ture defects and electrochemical reactivity of nickel hydroxide
and concluded that both the structural defects and the disorder of
nickel hydroxide can improve their properties [11–13]. In order to
enhance characteristics of nickel hydroxide, numerous studies have
been carried out through the substitution with two elements, such
as Al–Co [14], Al–Y [15], Co–Zn [16]. Although the electrochemical
performance has been further improved, the results are still not sat-
isfying because of powder agglomeration, serious oxygen evolution
reaction, and diffusion barrier. Based on the above consideration,
in the present study, we have synthesized multi-element doped �-
nickel hydroxides by supersonic co-precipitation method, which
has an ideal disordered structure, and the effect of multi-element
additives on structure and electrochemical performance has been
studied in details.

2. Experimental

2.1. Preparation of nickel hydroxide with different additives

The multi-element doped �-nickel hydroxides were prepared by a super-
sonic co-precipitation method at 50 ◦C. A mixed solution containing NiCl2·6H2O,

Al2(SO4)3·18H2O, Co(NO3)2 6H2O, YCl3·6H2O, ZnSO4 18H2O (the molar ratio of
Ni:Al:Co:Y:Zn is 1:0.12:0.20:0.05:0.05) and a proper amount of sodium hydroxide
aqueous solution were dropping into a mother liquid synchronously under agita-
tion. Sodium hydroxide was modulated to keep the pH value at 9.00 ± 0.10 by pH
meter. The agitation lasted 5 h after dropping was finished, and supersonic was

dx.doi.org/10.1016/j.jallcom.2011.03.104
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Table 1
The substituted composition and particle size of samples.

Samples Nominal composition Particle size (nm)
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A Ni75.7Al9.1Co15.2 62
B Ni73.1Al8.7Co14.6Y3.6 56
C Ni70.5Al8.4Co14.1Y3.5Zn3.5 49

pplied in all above processes. The suspension was aged for 12 h at 50 ◦C, and then
ashed three times with distilled water and twice with anhydrous ethanol. Finally,

he attained nickel hydroxide product was filtered and dried to constant weight
t 80 ◦C (sample C obtained). The similar procedure was carried out to synthesize
ample A (Ni:Al:Co = 1:0.12:0.20) and sample B (Ni:Al:Co:Y = 1:0.12:0.20:0.05).

.2. Preparation of nickel hydroxide electrodes

The pasted nickel electrodes were prepared as follows: 8 wt.% samples A,
or C, 86 wt.% commercial micro-size spherical nickel, 3 wt.% nickel powder,

nd 2 wt.% CMC were mixed thoroughly with 1 wt.% PTFE solution. The paste
btained was incorporated into nickel foam substrates with the geometrical size of
.5 cm × 2.5 cm. The pasted electrodes were dried naturally and then mechanically
ressed.

.3. Physical characterization

The crystal structure was determined by X-ray diffraction (XRD) using a D/Max-
IIA X-ray diffractometer with CuK� radiation (� = 1.54 Å) at 36 kV and 20 mA.
article size distribution (PSD) was carried out using a Nanotrac 150 particle size
nalyzer.

.4. Electrochemical measurements

All electrochemical studies were performed in a three-compartment electrolysis
ell at ambient temperature. The test cell is comprised of a working electrode (the
ositive electrode), a counter electrode (made of AB5 type hydride alloy), and an
g/HgO reference electrode. Electrolyte with 7 M KOH and 0.05 M LiOH was used.
oth cyclic voltammetry (CV) and electrochemical impedance measurements(EIS)
ere carried out using a Chenhua CHI7600 model Electrochemical Workstation.

he scan rate of CV test ranges from 0.02 V/s to 0.10 V/s and the cell potential ranges
rom −0.2 V to 0.7 V. EIS measurements were made at open circuit potential in the
requency range of 10 kHz to 1 Hz.

Simulated batteries are assembled by using the prepared nickel hydroxide elec-
rode as anode, a hydrogen storage alloy electrode as the cathode, and polypropylene
s the separator between the anode and cathode. Galvanostatic charge/discharge
est was carried out at 0.1 C and 0.5 C rate using a Neware BTS-51800 battery testing
ystem. The electrodes were discharged to 1.0 V at ambient temperature.

. Results and discussion

.1. Characterization of nickel hydroxide samples

The nominal compositions and average particle size of samples

, B, C are presented in Table 1. The particle size distributions (PSD)
re shown in Fig. 1. It can be seen that the average diameters of
amples A and B are almost the same from Table 1, but much bigger
han that of sample C. Fig. 1 shows that three samples have narrow

Fig. 1. Particle size distribution for samples A, B, C.
Fig. 2. XRD patterns of samples A, B, C.

particle size distribution, indicating that the size of three samples
is uniform. The particle size distribution of these samples ranges
34–91 nm. The result is larger than the value (20–60 nm) calculated
from XRD, which may be due to uneven grind.

The XRD patterns of �-nickel hydroxides samples A–C are pre-
sented in Fig. 2. The peak position for each sample is well matched
with that of the standard substance �-Ni(OH)2·0.75H2O (ICDD-
JCPDS 38-0715). The asymmetrical diffraction peak located in the
range of 32–36◦ is the characteristic of the turbostratic disorder
in �-nickel hydroxide [17]. The full width of the half maximums
(FWHMs) of the respective sample in all reflections tend to increase
in a sequence of A, B, C, which indicates the decreasing crystallite
size, and is in accordance with the results in Fig. 1. This result is
probably caused by an increase in the amount of crystalline defects
in the Ni(OH)2 lattice with increase of additives. Moreover, the
peak intensity of all samples reduces with increase of additives,
which indicates a decrease of the crystallinity in the samples. A
low crystallization degree material means a higher electrochemical
performance of nickel-based batteries, according to Liu and Li [18].
Thus, sample C can be expected to have a better electrochemical
performance than that the others.

3.2. Cyclic voltammetric behavior

Cyclic voltammograms of samples A, B, C at a scanning rate of
0.10 V/s are plotted in Fig. 3. The cyclic voltammetric parameters
corresponding to Fig. 3 are tabulated in Table 2. The �EOR is taken
as an estimate of the reversibility of the redox reaction, the smaller
is �EOR, the more reversible is the electrochemical reaction [19].
The sample C has smaller �EOR than the others, and thus has bet-
ter electrochemical reversibility in charge–discharge process. The
oxygen evolution reaction (OER) is known as a parasitic reaction

during the charge process, which limits the electrochemical per-
formance of nickel hydroxide electrodes. To compare the effect of
multi-element doping on the oxygen evolution reaction, the sepa-

Fig. 3. CV curves of samples A, B, C at a scanning rate of 0.10 V/s.
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Table 2
Results of cyclic voltammetry measurements.

Samples EO (V) ER (V) EOER (V) �EOR (V) EOER − EO (V)

A 0.364 0.036 0.436 0.328 0.072
B 0.347 0.042 0.424 0.305 0.077
C 0.335 0.053 0.412 0.282 0.087
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O, the oxidation peak potential; ER, the reduction peak potential; EOER, the oxygen
volution potential; �EOR, the difference between the reduction peak potential and
he oxidation peak potential.

ation between the oxidation peak potential and the OER potential
EOER − EOR) is estimated from the voltammograms. According to
he data in Table 2, the sequence of the (EOER − EOR) value is sam-
le C > sample B > sample A. The highest EOER − EOR value obtained
or sample C clearly demonstrates all the doped elements in nickel
ydroxide may produce the synergic effect and enhance the per-

ormance of the active material effectively [20]. In addition, due
o the increase in the EOER − EOR separation of nickel hydroxide,
he charge efficiency of the electrodes can be markedly improved,
hich indicates that the sample C electrode has the greatest dis-

harge capacity, as reported in Ref. [21].
In case of semi-infinite diffusion, the peak current Ip may be

xpressed by the classical Randle-Sevick equation [22]:

p = (2.69 × 105) × S × n3/2(D�)1/2C0 (1)

here Ip is anodic peak current; n is the electronic number of reac-
ion(the value is about 1 for nickel hydroxide); S is the real surface
rea of the electrode, D is the diffusion coefficient; � is the scan
ate; C0 is the initial concentration of active material.

Fig. 4 shows the cyclic voltammograms of samples A, B, C at
arious scanning rates. As the scan rate increases, the anodic peak
otential shifts to a more positive direction, while the cathodic peak
nly has a slight movement towards the negative direction. A linear
elationship between oxidation peak current Ip and square root of
canning rate �1/2 can be found in Fig. 5, indicating that all samples
re controlled by proton diffusion. From the linear slope in Fig. 5

nd Eq. (1), it can be calculated that the proton diffusion coefficients
n samples A, B, C is 3.94 × 10−9, 6.59 × 10−9,1.75 × 10−8 cm2/s,
espectively. The result shows that the Al/Co-Y-Zn codoped

Fig. 4. Cyclic voltammograms of samples A, B, C at various scan rates.
Fig. 5. Relationship between the anodic peak current and the square root of scan
rate for samples A, B, C.

�-nickel hydroxide has the largest proton diffusion coefficient, this
is probably due to the more crystal defects formed in the nickel
hydroxide host lattice (discussed in Section 3.1), which provide
better path for diffusion of protons within the NiO lays [23]. More-
over, the stacking faults and growth defects can produce vacancies
for enhanced proton conduction in the host lattice. Conversion
between �/� couple is accelerated during the charge–discharge
process, which results in increasing discharge capacity for nickel
hydroxides [3,24].

3.3. Electrochemical impedance spectroscopy measurement

Fig. 6 presents EIS of samples A, B, C at steady state. The
semicircle at high frequencies (HF) is the characteristic of the
charge-transfer resistance (Rt) acting in parallel with the double
layer capacitance [25]. At low frequencies (LF), three straight lines
having an angle of 45◦with the real axis indicate a linear War-
burg portion, being the characteristic of the semi-infinite diffusion.
Fig. 6 shows that the resistance of the solution (RL) of three elec-
trodes are almost the same, while there is a large difference in Rt

with Rt,C < Rt,B < Rt,A (the larger the diameter of the semicircle, the
larger Rt) [26]. This result implies that electrochemical polariza-
tion decreases with the increase of additives. The electrochemical
polarization is correlated with the discharge potential (the smaller
polarization, the larger discharge potential) [27]. Thus, the results
of EIS suggest that the discharge potential of samples A, B, C is as
follows: C > B > A.

The explanations to above results are presented as follows: more
anions (Cl−, NO3

−, etc.) can be intercalated to the interlayer of
nickel hydroxide in order to keep charge neutrality with increase
of additives. It is known that H+ and OH− run the fastest in aqueous

solution because there is a relay system [28], which usually takes
action in the process of oxidation or reduction. The increase of addi-
tives makes more space for water molecules, which strengthens the
relay system of the transportation of H+ [29]. Therefore, the proton

Fig. 6. Electrochemical impedance spectroscopy of samples A, B, C.
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Fig. 7. Charge–discharge curves of samples A, B, C at
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Fig. 8. Cyclic performance of samples A, B, C at 0.5 C discharge rate.

iffusion is enhanced greatly and the charge-transfer resistance is
ecreased with increase in the amount of additives.

.4. Galvanostatic charge–discharge measurement

Fig. 7 is the charge–discharge curves of the three nickel elec-
rodes at 0.1 C and 0.5 C rate, respectively. It can be seen from
ig. 7(a) that the discharge capacities of samples A, B, C are slight
ifferent at 0.1 C rate, which is 326, 330 and 337 mAh/g, respec-
ively. It indicates that at low charge–discharge rate (less than 0.2 C)
nfluences the discharge capacity very little. At 0.5 C rate, the dis-
harge capacities of samples B and C reach 305 and 346 mAh/g,
hich are much higher than that (294 mAh/g) of sample A, as

hown in Fig. 7(b). However, it is unusual that the discharge capac-
ty (346 mAh/g) of sample C is even larger at 0.5 C rate than that
337 mAh/g) at 0.1 C rate, while the discharge capacities at 0.5 C
ate are much lower than that at 0.1 C rate for samples A and
. The result indicates the oxygen evolution reaction can be effi-
iently restrained in sample C and the charge efficiency at high
ischarge rate is improved. Moreover, the sample C has a lower
harge potential and higher discharge potential compared with
amples A and B, which is in good agreement with the CV and
IS tests.

The cyclic performance of three samples at 0.5 C rate is shown in
ig. 8. It cam be seen that three curves show the similar shape that
ischarge capacity increases firstly, then reduces after reaching the
aximum value. In order to quantitatively characterize the cyclic

tability, the deterioration rate (Rd) [30] is used. The Rd for samples
, B, C is 11.3%, 5.8%, 3.7%, respectively. It indicates that the sample C
as higher discharge capacity and better cycling stability than that
f samples A and B. The excellent cyclic performance for sample
is brought by the ideal disordered structure and faster diffusion

inetics in � phase nickel hydroxide.

. Conclusions
The �-nickel hydroxides substituted with several elements have
een prepared by supersonic co-precipitation method. The dopants
ere found to be the key factor that affected the crystal structure

[

[

(a) 0.1 C and (b) 0.5 C charge–discharge rates.

and electrochemical behavior. The XRD results show that the syn-
thesized samples possessed a reduced particle size and increased
crystalline defects with increase of doped elements. The cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) show sample C has the best reaction reversibility and highest
proton diffusion coefficient. The charge–discharge tests show that
the 0.5 C discharge capacity (346 mAh/g) of sample C is larger than
that (337 mAh/g) at 0.1 C rate, while the discharge capacity at 0.5 C
rate is much lower than that at 0.1 C rate for samples A and B. These
results suggest that multi-elements are effective in improving the
electrochemical activity of nickel hydroxide electrodes.
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